The mechanisms of the marked inhibitory effects of 10 ppm formaldehyde (HCHO) inhalation on heart rate and respiratory movement were investigated in unanesthetized rabbits. Inhibition of the heart rate and respiratory movement induced by HCHO inhalation was caused by a reflex reaction during sensory irritation of the upper respiratory tract, mainly the nasal mucosa, but not of the lower respiratory tract, mainly the lung. These reflex reactions, particularly decreases in the heart rate, were not blocked by vagotomy, atropine or prazosin, but were blocked by propranolol, phenoxybenzamine, phentolamine, yohimbine and guanethidine. These results suggest that these reflex reactions are derived from sympathetic nervous activity rather than parasympathetic nervous activity, and the reflex bradycardia is caused by inhibiting the transmitter release at the adrenergic nerve endings.
Abstract-The mechanisms of the marked inhibitory effects of 10 ppm formaldehyde (HCHO) inhalation on heart rate and respiratory movement were investigated in unanesthetized rabbits. Inhibition of the heart rate and respiratory movement induced by HCHO inhalation was caused by a reflex reaction during sensory irritation of the upper respiratory tract, mainly the nasal mucosa, but not of the lower respiratory tract, mainly the lung. These reflex reactions, particularly decreases in the heart rate, were not blocked by vagotomy, atropine or prazosin, but were blocked by propranolol, phenoxybenzamine, phentolamine, yohimbine and guanethidine. These results suggest that these reflex reactions are derived from sympathetic nervous activity rather than parasympathetic nervous activity, and the reflex bradycardia is caused by inhibiting the transmitter release at the adrenergic nerve endings.
We have previously investigated the vasodilation caused by the intravenous in jection of formaldehyde in dogs and rabbits and the relaxation of isolated vascular smooth muscle induced by formaldehyde (1) (2) (3) . Formaldehyde is present at relatively high concentrations in cigarette smoke and in industrial and automobile type atmospheres (4) (5) (6) (7) . It is also known that formaldehyde is released from some items used in daily life such as furniture (8, 9) . Therefore, the effects of formaldehyde inhalation on the cardiovascular and respiratory systems, par ticularly the heart rate, were investigated in unanesthetized rabbits. Many reports have described a reflex decrease in the heart rate and inhibition of respiration induced by formaldehyde (10-23). Some investigators have reported that such reflex bradycardia is abolished by transection of vagal nerves or by parasympathetic blockade (15, 16). Alarie has reviewed these results (24) . However, in this study, we obtained data indicating that the reflex bradycardia induced by formal dehyde was caused by inhibiting the sympa thetic nervous activity rather than reflex stimulation of the parasympathetic nervous activity. In the present experiment, com parisons were made of the effects of acrolein and ammonia, typical sensory irritants of the upper respiratory tract (24) .
Materials and Methods
was diluted to the desired exposure concen tration with two to three I/min total volume of air supplied by pumps. In the exposure con centration, there was a high correlation between the experimental value and the theoretical value obtained from the flow rate of fresh air and test gas in high concen trations. It required two to three minutes to obtain the desired exposure concentration (25). Test gases: Formaldehyde (HCHO): A gas washing bottle filled with a given volume of formalin (37%, Wako Pure Chemical) was connected to a gas cell by a vinyl tube with a stopcock. The gas cell had a polyvinyl fluoride bag (TEDLAR, Du Pont) for con trolling its gas pressure. After the pressure in the cell was reduced, formaldehyde gas generated in the gas washing bottle by opening the stopcock was led into the cell to reach a high concentration. Determination of the concentration of formaldehyde gas in the cell was as follows: a given volume of formaldehyde gas in the cell was absorbed into a given volume of water. The amount of formaldehyde in the aqueous solution was measured by a colorimetric method using 4 amino 3 hydrazino 5 mercapto 1,2,4 triazole (Wako Pure Chemical) (26) . The concentration of formaldehyde gas in the cell was calculated from the amount of formaldehyde in the aqueous solution, ac cording to Boyle-Charles' law. The exposure concentration of formaldehyde gas was determined by the above method.
Acrolein and ammonia: A given weight of acrolein (95%, Kanto Chemical) or ammonia water (28%, Wako Pure Chemical) was placed in a glass ampule in order to obtain each desired concentration in a gas cell of known volume. After the ampule was closed with fusing, it was put into the cell. After the pressure in the cell was reduced, the acrolein or ammonia in the ampule was gasified by breaking the ampule, and the pressure in the cell was returned to atmospheric pressure. The concentration of acrolein in the cell and its exposure concentration were determined by gas chromatography (25) . The concen tration of ammonia in the cell and its exposure concentration were determined by a colon metric method using the phenol-hypo chlorite reaction (27) .
In this experiment, 10 ppm of formal dehyde, 3 ppm (2.5-3.5 ppm) of acrolein and 120 ppm of ammonia were used for inhalation. These were the minimum con centrations certain to cause inhibitory effects on the cardiovascular and respiratory systems.
Drugs 
Results
Sites of actions of formaldehyde inhalation on the cardiovascular and respiratory systems: As shown in Fig. 2 , when 10 ppm of formal dehyde was sent to both the lung and the nasal cavity through two T tubes inserted into the trachea, the heart rate decreased markedly from about 300 to about 160 beats/ min at between two and three minutes after exposure. Along with this change, the respiratory movement was also markedly inhibited, while the blood pressure rose slightly. When fresh air was sent to the region of the nasal cavity and formaldehyde to the lung, exposure for 10 minutes had little effect on the heart rate and respiratory movement. But when formaldehyde exposure was confined to the region of the nasal cavity, the heart rate and respiratory move ment decreased, as when both the lung and the nasal cavity were exposed to formal dehyde.
Moreover, irregular rhythmicity was often observed in the decreased response of the respiratory movement. Influences of various blockers on the effects of formaldehyde inhalation. Blocking of sensory nerves: Inhibition of formaldehyde on the heart rate and respiratory movement was completely abolished by nebulization with 2% lidocaine to the region of the nasal cavity ( Fig. 3) . Similarly, the inhibition induced by formaldehyde was completely abolished by sodium pentobarbital (30 mg/ kg, i.v.).
Cholinergic blocking: Inhibition of the heart rate and respiratory movement induced by 10 ppm of formaldehyde was virtually unaffected by atropine (2 mg/kg, i.v.) ( Fig.  4 and Table 1 ). Though the responses of the heart rate and respiratory movement to 10 ppm of formaldehyde showed a tendency to be decreased by vagotomy, the differences in the responses before and after vagotomy were not significant. On the other hand, the decrease of the heart rate induced by 2.5 ppm of acrolein was significantly inhibited by atropine (2 mg/kg, i.v.) or vagotomy ( Fig. 5 ). Bradycardia induced by 120 ppm of ammonia showed a similar result.
Adrenergic blocking: Responses of the heart rate and respiratory movement to 10 ppm of formaldehyde were markedly decreased by propranolol (2 mg/kg, i.v.) ( Table 1 ). The responses were almost completely abolished by phenoxybenzamine (10 mg/kg, i.v.) ( Fig. 6 ) and were markedly decreased by phentolamine (10 mg/kg, i.v.). On the other hand, the responses were hardly affected by prazosin (0.3 mg/kg, i.v.) (Fig. 7) , whereas they were markedly decreased by yohimbine (3 mg/kg, i.v.) and guanethidine (5 mg/kg, i.v.) (Fig. 8) . Table 1 summarizes the above results. The response of the respiratory movement to formaldehyde exposure was observed to be similar to that of the heart rate. However, since it was difficult for the change in the respiratory movement to be determined quantitatively, only the heart rate data are presented in Table 1 .
Discussion
Formaldehyde inhalation by unanesthetized rabbits caused a marked decrease of the heart rate and respiratory movement. The following procedures were used to investigate the mechanism of this inhibitory action. Formal dehyde was sent separately to both the upper respiratory tract (mainly the nasal cavity) and the lower respiratory tract (mainly the lung) through two T tubes inserted into the trachea. Consequently, inhibition of the heart rate and respiratory movement was noted during exposure of the nasal passage to formaldehyde, while little change in cardiac and respiratory rhythmicities occurred during exposure of the lung to formaldehyde. This inhibitory action disappeared completely after the intravenous administration of pen tobarbital, a blocker of the central sensory nerve, and nebulization with lidocaine, a local anesthetic, in the region of the nasal cavity. This suggests that the inhibitory action of formaldehyde is derived from a reflex through the afferent nerve from the nasal mucosa. These responses have been reported by a number of investigators and may correspond to the nasopharyngeal reflex observed by White and McRitchie (15), who reported that vagal stimulation is mainly related to the inhibition of the heart rate in the nasopharyngeal reflex. Actually, bradycardia induced by acrolein or ammonia was blocked by atropine and the transection of vagal nerves. However, the inhibitory effect of formaldehyde on the heart rate was not blocked by atropine or vagotomy, but was blocked by a-blockers such as phenoxy benzamine and phentolamine and by the Q-blocker propranolol. These results, there fore, suggest that the reflex reaction induced by formaldehyde is derived from sympathetic nervous activity rather than parasympathetic nervous activity. Therefore, the above findings suggest that the action of formal dehyde is different from those of other sensory irritants such as acrolein and ammonia. Furthermore, the reflex reaction induced by formaldehyde was blocked by the a2-blocker yohimbine and the adrenergic neuron blocker guanethidine, but it was not blocked by the a,-blocker prazosin. It has been reported that prazosin has no effect on presynaptic a2-adrenergic receptors and is a selective blocking agent at postsynaptic a,-adrenergic receptors, while yohimbine is a relatively selective inhibitor of a2-adrenergic receptors, and phenoxybenzamine and phentolamine have blocking effects on both a, and a2 receptors (28) (29) (30) .
However, these findings do not show that the sympathetic inhibition induced by formaldehyde is directly related to a2-receptors at the adrenergic nerve endings, since this sympathetic inhibition results from the reflex to formaldehyde induced in the nasal passage. Therefore, in this case, the sites of actions of a2-blockers seem to be related not to the nerve endings, but to the central nerves. In considering the effects of guanethidine on the inhibition induced by formaldehyde, this reflex reaction, consequ ently, appeared to be caused by inhibition of the sympathetic nervous activity, that is, inhibiting transmitter release at the adrenergic nerve endings.
Moreover, the inhibitory response of the heart rate to formaldehyde was markedly decreased by propranolol. This seems to indicate that propranolol blocks all sympathetic activities in Q adrenergic receptors, that is, not only sympathetic stimulation, but also sympa thetic inhibition. be decreased by vagotomy. The factors causing these results may be vagal nerve fibers containing adrenergic fibers (31) (32) (33) .
Moreover, in this experiment, the responses of the heart rate and respiratory movement were recorded simultaneously, and the response of the respiratory movement to formaldehyde showed almost the same change as that of the heart rate. When a marked inhibition of the heart rate was caused by formaldehyde, the amplitude and frequency of the respiratory movement were almost always inhibited at the same time. In addition, when the inhibition of the heart rate induced by formaldehyde was blocked by agents such as pentobarbital, lidocaine and phenoxy benzamine, the response of the respiratory movement also showed a similar tendency to be blocked. These results suggest that a mechanism similar to that of the inhibition of the heart rate is related to the respiratory response to formaldehyde. In this experiment, however, we did not thoroughly investigate whether the response of the respiratory movement completely corresponds to that of the heart rate or whether other factors also play a part in the respiratory movement, since irregular respiratory patterns caused by exposure to formaldehyde did not permit quantitative measurement of the change of respiratory rhythmicity. This problem remains to be investigated.
